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NATIONAL ADVISORY OOMMITTEE. FOR AERONAUTICS
TECHENICAL MEMORANDUM NO. 1036

AERODYNAMICS OF THE FUSELAGE*

By E. Multhopp
SUMHARY

The present report deals with a number of problenms,
particularly with the interaction of the fuselage with
the wing and tail, on the¢ basis of simple calculating
methods derived from greatly idealized concepts.

For the fuselage alone it affords, in variance with
potential theory, a certain frictional 1ift in yawed flow,
which, similar to the 1ift of a wing of emall aspect ratio,
is no longer llinearly related to the angle of gbttack.
Nevertheless there exists for this frictional 1ift some—
thing like a neutral stability point the position of which
on oblong fuselages appears to be associated with the 1if%
increase of the fuselage in proximity to the zero 1ift,
according to the present experiments.

The pitching moments of the fuselage can be deter-
mined with comparatively great reliability so far as the
flow conditions in the neighborhood of the axis of the
fuselage can be approximated if the fuselage were absent,
which, in general, is not very difficuls.

For the unstable contribution of the fuselage to the
static longitudinal stability of the airplane it affords
comparatively simple formulas, the evalustion of which
offers little difficulty. On the engine nacelles there is,
in addition a very substantial wing moment contribution
induced by the nonuniform distridbution of the transverse
displacement flow of the nacelle along the wing chord;
this also can be represented by a simple formula. A check
on a large number of dissimilar aireraft types regarding
the unstable fuselage and nacelle moments disclosed an
agreement with the wind—tunnel tests, which should be suf—
ficient for practical requirements. The errors remained
throughout within the scope of instrumental accuracy.

*hZur Aerodynamik des Flugzeugrumpfes," Luftfahrtforschung,
vol. 18, nos, 2-3, HMarch 29, 1941, pp. 52-56.



2 TACA Technical Memorandum No. 1036

For the determination of ths fuselage effect on the
1ift distridbution of the wing the flow transverse to the
fuselage was assumed to be two—dimensional; then all the
mathematical difficulties which the fuselage of itself
would entail, can be removed by & conformal transformation
of the fuselage cross section to a vertical slit. Then
the calculation of the 1ift distridbution for a wing—
fuselage combination reduces to that of an equivalent wing,
vherein the fuselage effect is represented by a change in
chord distribution and also, to some extent, in the angle—
of—attack distribution. Then the conventional methods of
computing the 1ift distribution of a wing are fully appli-
cable, In particular, 1t again affords two basic distri-
butions from which the 1ift distributions for the differ—
ent cg values of the wing can be found by linear combi—
nation, as is customary or a wing without fuselage effect.
The portion of 1ift taken over by the fuselage itself is
easily estimated from the 1lift distribution so determined.
The air load distributions determined for the wing—-fuselage
combination by this method differ considerably from those
o0btained by the orthodox method when the measured cg
differences were directly distributed as positive or nega—
tive fuselage 1ift across the fuselage width.

In the case of sideslip, the displacement flow of the
fuselage causes an additional antisymmetrical 1ift distri-—
bution along the wing (for a high— or low—wing arrangement)
with an attendant rolling moment of considerable magnituds.
The simple formula evolved for this rolling moment on
elliptical fuselage sections 1s very satisfactorily con—
firmed by the few avallable measurements.

As regards the effsct of the fuselage on the flow con~—
ditions at the tall surfaces the sideslip of the fuselage
for a high— or low—wing arrangement produces a sidewash at
the vertical fin and rudder and leads to appreciable changes
in directional stability and damping in yaw.

A few measurements demonstrating this phenomenon very
distinctly are intended to rivet attention to the results
of this phenomenon in the mechanics of unsymmetrical flight
motions,

INTRODUCTION

One notoriously neglected phase in the aerodynamics
of ailrcraft is that of the fuselage., This is due in the



MACA Tachnical Memorandum No, 1036 3

first instance, to the fact that the fuselage considered
by itself is a comparatively simple structure the effects
of which are apparently readily perceived. But its real
effects come into evidence only in combination with other
parts of the aircraft, especially with the wingj hence 1%
bécomes necessary to evolve a fuselage theory which
includes this mutual interference.

The search for mathematically exact solubtions for
such interference problems is exceedingly bothersome
throughout, as it would entail the development of a thres—
dimensional potential theory with very arbitrary boundary
conditions; a problem to which hardly more than a few
proofs of existence could be adduced.

It therefore seemed expedient to evolve appropriate
formulas which, for each phenomenon, bring out the essen—
tial parts while disregarding all seccndary effects. Ob-—
viously such a method of treatment must first be justified
either by an estimation of the errors involved or by sult—
able tests. The method itself as described hereinafter is
merely to be construed as a first step which, because of
the increasingly pressing demands of practical alrplane
design in this respect, will have to be attacked some’'time
even if the suggested methods should for the present ap—
pear somewhat unwieldy. The mechanics of flight perform—
ance, the aerodynamics of the load assumptions for the
stress analysis of aircraft and the mechanics of flight
characteristics, all came under the influence of the fuse—
lage or the engine nacelles.

For the present task the performance mechanics are, in
general, excluded, since drag problems usually must be left
to experimental research. As to induced resistances, the
fuselage merely changes for the most part their distribu—
tiorn in an at times admittedly wholly unusual measure, butb
scarcely the total amount of the indwWced drag of aircraft.
Iliore important is the effect on the nmaximum 1ift, and hence
the landing speed, for which the presented cglculations may
in many cases afford an explanatilon.

The stress analysis of alrcraft stipulates the exact
load distribution across the wing under the effect of fuse—
lage and engine nacelles and also of the distribution of
the aerodynamic loads along fuselage and nacelles themselves.
As matters stood in this respect the discrepancies in ailr
forces and moments between a modsl with fuselage and the
wing alone were directly ascribed to the fuselage or to the
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engine nacelles., In contrast with this the present calcu—
lations indicate that these changes in the air loads are

in the majority of cases due to the effect of the fuselage
on the wing and should therefore be treated as wing loads.

In the predetermination and the interpretation of the
flight characteristics of an aircraft type a large number
of problems also arises that fuselage aerodynamics nmust
solve., Therse is, in particular, the position of the neu—
tral stability point, so important for the mechanics of
symmetrical flight motions which under the effect of fuse—
lage and nacelle shifts consideradbly forward. But in un—
symmetrical flight motions the fuselage also plays a
noticeable part. First, 1in sideslip it affects the flow
conditions at the wing in such a manner as to produce a
rolling moment in yaw largely dependent upon the location
of the wing relative to the fuselage, the order of magni—~
tude of which is in many cases, comparable with that of the
rolling moment due t0 yaw induced by the dihedral angle of
the wing. Equally important, 1s the reaction of the 1lift
distribution of the wing produced undér the effect of the
fuselage in the case of sideslip on the flow at the fin
and ruwdder, namely, a considerable sidewash which, 1like
the downwash on elevabtor and stabilizer, affects the direc—
tlonel stability and the damping in yaw in different manner,
Hence, instead of the simple concept of damping in yaw two
quantities should be considered: Filrst, a rotation of the
alrcraft due to a path curvature, then a pure rotation of
the aircraft without change of flight path, and the cited
modificatlons of damping in yaw due to the sidewash occur
only in the latter case. The knowledge of these conditions
ls in some degree important for the appraisal of lateral
stabilibty problems, and with the yaw vidbrations of modern
aircraft these effects cannot be ignored.

THE FUSELAGE ALONE

Before proceeding to the analysis of the interference
of the fuselage with the other parts of the airplane, a
brief discussion of the phenomena observed on the fuselage
in the absence of all other airplane parts, is necessary.
The greater part of the data can be taken over from the
already existing data on airship hulls, as compiled, for
instance, in volume VI of Durand's "Aerodynamic Theory."
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On analyzing the conditions in frictionless parallel
flow the first result is the total absence of resultant
forces on the fuselage; the pressure distribution over the
body merely affords free moments. These free moments are
of some significance since they are proportional to the
angle of attack of the fuselage and hence enter the sta—
billty quantities. The sign of these moments is such that
the stability about the normal axis or about the lateral
axis is lowered by the action of these free moments. On
an axially symmetrical fusselage the free moment in flow
along tho fuselage axis is, of course, zero; on unsymmet—
rical fuselage forms or by appendages the axis for zero
moment can be located at any other place. The free moment
is produced by negative pressure on the upper side of the
bow and on the lower sids of the stern and positive pres—
sure ab the lower side of the bow and on the unper side of
the stern (fig. 1).

The free moments can be computed in various ways. If
tine and patience are no object a field of singularities
substituting for the fuselage nay be built up bJ geans of
potoential theory mnethods as developed by Von Karnan, Lotz,
Xaplan, and others. But for the task in hand liunk's method
(reference 1) is much more suitable. He simply determined
the asymptotic value for very slender fuselage forms and
then added a correction factor dependent on the slenderness
ratio, which he obtained by a comparison witn the values of
easily and accurately computable forms.

According to Hunk the unstable moment of a very slender
body of revolufion is

I &M __ 501, (2.1)

qg dao

the offoct of finite fuselage length being accounted for
by the correction factor (XK, — K,) which depends on the
slenderness ratio 1/D (fig. 2). 1In this representation
K, is the air volume in ratio to the fuselage volume by
transverse motion of the fuselage and K; that by longi-—
tudinal fuselage motion. TFor other than axially symmetri—
cal surfaces 1% is

1 4d¥H
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and for the contribution to the yawing moment:

1

1l dalNg TT

a_&-T—=—5(Kz——Kl)thadX (203)
o

The unstable longitudinal moment of the fuselage which
st1ll changes considerably undsr the effect of the flow
round the wing is taken care of later by more reliable
formulas, while the formula for the yawing moment can bde
summarily taken over, as the wing downwash affords no ap—
precliable contribution to the momentum of the fuselage
flow along the transverse axis.

Rotations of a fuselage about the center of gravity
of the fuselage volume on surfaces of revolution or about
the center of gravity of the volumes

l 1

f br2dx or thad.x

0 o]

are neither accompanied by a resultant force nor an addi-
tive moment so long as the conditions in ideal flow are
only considered, I% merely results in a slightly modifled
transverse force distribution., If the rotation is not
about the center of gravity of the volume, the moment re—
sulting from the local yawed flow exactly in this center
of gravity due to the rotation is used in the celculation.
So, if in rotations about the normal alrcraft axis, for
instance, the center of gravity of the aircraft is, as
usually happens, before the center of gravity of the fuse—
lage volume, the fuselage directly furnishes a negative
contribution to the damping in yaw by an amount

]
2V d.ITR

1 Ax 2
ETa:=”‘KE‘K1’Tth“dx (2.4)
o]

where Ax i1s the distance of the alrcraft center of gravity
and the volume center of gravity.

This is all that the consideration of the potential
theory supplies concerning a single fuselage. 3ut the ac—
tual behavior of the fuselage is not described by the po-
tential flow alone. As soon as the flow past the fuselage
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ceases to be perfectly symmetrical boundary—layer material
acecunulates more on ons side than on the other and the

flow conditions are altered. This results in additional
forces at the fuselage and so becomes an appreciable factor
in the moment balance of the fuselage. The point of appli—
catlon of the induced frictional 1lift or cross force is of
course proportionally far aft at the fuselage. This mo-—
ment is secured from the measurements after subtracting the
theoretically unstable contribution from the recorded mo—

ments and correlating the remaining rest moment with the

1ift or crosg force. TUnfortunately the appraisable meas—
urements are very scarce; the data used were from the NACA
Reports Nos. 394 and 540, as well as from several unpub—
lished date from Fw measurements., The outstanding feature
of these evaluations was the sxistence of something like a
neutral point for the frictional lift also, despite the
fact that this 1ift ie not even linearly related to the
angle of attack (figs. 5 and 4).

As the dependence of frictional 1ift on angle of
attack is stronrngly suggestive of a very similar course on
wings of very small aspect ratio, its correlation suggests
itself, TFor a wing of very small aspect ratio we get
approximately o = 0O:

L as g b2 (2.5)

a rosult readily derivable by means of certalin momentum
considerations which is in good agreement with the avail—
able test data for such wings. However, the conventional
fuselage has no sharp sides; hence a temporarily unknown
measure that denotes the width of the separating boundary
layer substitutes for the width . In place of it we
correlate the 1ift to the maximum fuselage width by and

introduce a form factor f +the exact determination of
which might De a profltable field of experimental research}
presumably 1t depends, above everything else, on the cross—
sectlonal form of the fuselage on 1%s solidity and the
leccation of appendages. Hence we put

1 ddg

T
— ——— = fb.2 (2.6)
g do 2 R

or correspondingly for the lateral force
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= =5 = — 3 fhy? (2.7)

Then the evaluated measurements avallable indicate,
what by itself was plausible, a certailn relationship
between the form factor f and the position of the ap—
plied point of the frictional 1ift denoted with =x,

(measured from nose of fuselage) in figure 5. This point
is located, as may be expected, so much farther back as
the frictional 1ift is actually less developed. This re—
lationship of =xn with f has, at any rate, the ad-—
vantage of obviating the extreme caution regquired in the
estimation of the yawing moment due %0 yaw from the fric—
tional transverse force at the usual center of gravity
positions of the aircraft. It is further seen that the
directional stability is so much more intimately related
to this center of gravity position as f 18 greater and
the slenderness ratio of the fuselage 1s smaller. Thoe
extent to which the fuselage boundary layer leads to the
formation of gerodynamic forces and moments in rotations
of the fuselage about the normal or the transverse axis,
is up to now utterly unpredictable; their explanation is,
of course, a mabtter of experiment.

FUSELAGE LOWGITUD INAL MOMENTS UNDER THE EFFECT OF THE WING

In this insbtance the foregoling appraisal of the nmo—
mente of the fuselage in free stream falls, because the
flow pattern of the wings causes a very substantial varia—
tion of the flow at the fuselage. To begin with, the
previously described frictional 1ift of the fuselage is
not likely to exist, since the wing orientates the flow
along the wing chord and even far aft of it with the re—
sult that no appreciable flow component transverse to the
fuselage exists in the real zone of formation of the fric—
tional 1ift. Hence there is some Justification in assuming
that the theoretically anticlipated moments will afbterward
actually occur,

First of all the fuselage with wing differs from %the
fuselage alone in that the fuselage takes up a very sub—
stantial proportion of the lifting forces ordinarily
carried by the wing sectlion in its place. According to
Lennertz (reference 4) and Vandrey (reference 5) the point
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of application of the aerodynamic forces at the fuselage
directly due to the circulation of the wing, is located
at the same place as on the substitute wing section;
separating this air force distribution for the moment
leaves only a fres moment which is solved from a simple
momentum consideration.

Wext the fuselage is assumed to be sufficlently long,
so that, after fixing a reference plane at right angles
to the flow direction that meets the fuselage at distance
x from the nose, the integral over the pressure distri-—
bution of the fuselage portion ahead of the reference
plane equals the vertical momentum passing through this
area in unit time. Then, with B as the angle in yaw in
the reference plane, that is, the angle which the flow
would form with the fuselage axis if the fuselage were
non—existent, and by 4as the fuselage width at this

point, the 1ift of the thus segregated fuselage portion
(fig. 8) is:

X
dA
R ™
/P dx = pv®@ B — Dbp® 3.1
2 dx P 4 R ( )

For, if the fuselage is long enough, the flow at
right cngles to the fuseslage axis may be approximated %o
two—dimensional, and for the flow at right angles to an
ellirsic cylinder the comprised air volume, that is, the
integral is

[o(va = vaw) 22 = prag T og® = pv8 Foaz (5.2)

(vn and vne Dbeing the components at right angles ta

cylinder axis) independent of the axes ratio of the ellipse.

Since this formuls holds ftrue even for a cylinder degener-
rated to a flat. plote, ite anproximate use for all cross—
section forms appears justifled.

Differentiation with respect to x then affords:

= (B bg?) (3.3)
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By reason of the disappearance of by the so computed

total fuselage 1ift is zero at both its ends, hence gives
the desired free moments additionally supplied by the
fuselage. This free moment is for any reference point

1

MR m d

— 2 g —— 2

3 3fdx(B bp?2) xdx (3.4)
0

and, after partial integration:

1

lin T
=t = L - bp2dx
q Bu/ﬁs R (5.5)

o)

For surfaces of revolution on which the flow is not dis—
turbed by the presence of the wing, we get, because
B = constant

1
MR _ _ I'z.f D2 dx = — 2 vol. (3.6)

0

|

or the same result as Munk!s for the free moments of air—
ship hulls. It then might be advisable to apply a cor—
rection factor to these free fuselage moments on Hunk's
pattern, containing the effect of the finite fuselage
length, except for the difficulty of not quite knowing
what slenderness ratio to apply. The reduction relative
to the theoretical value is primarily due to the fact
that the flow at the fuselage ends still varies somewhat
from the gssumed two—dimensional pattern; and while the
rear end coantributes almost nothing to the free fuselagse
moment, the portions of the fuselage directly before the
wing, which certainly are not encompassed by this reduc—
tion through the effect of the finite length, contribute
very large amounts., Hence the actual valye for the cor—
rection factor is likely to be far closer to 1 than Munk!s
quantity (X; = X,). So far the check on a large anumber
of measurements has shown snall need for such a correc—
tion factor in fthe prediction of the longitudinal moments
of the fuselage.
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The presence of the wing is allowed for by relating
B to the wing circulation. The change of the moment with
the angle of attack is:

. [

1 dMg T /P apg

g 4da 2 R da * ( )
)

The change of the yawed flow with the angle of attack

%g is expressed as follows: The flow in the region of the

wing is practically parsallel to the wing chordj hence

%E = 0, Behind the wing the downwash reduces the yawed
o2

flow; at the fuselage stern in the vicinity of stabdiliger
and elevator there is obtained:

It is sufficiently exact, when assuming thatl %% rises

linearly from the wing trailing edge to this value. Before

the wing -%g is always greater than 1 because of the prev—

alent uprush. Altogether the aspect is somewvhat as shown

in (fig. 7). To estimate the values %g before the wing

in lieu of an exact calculation f(fig. 8) computed for
A = 8 aspect ratio,.or eguivalent to a 1ift curve slope
of ca' = 4.5 mnmay serve as the basls. For other aspect

ratios the values are converted approximately in propor-—

tion 0 the ca' values. Since %g reaches a fairly

high peak in wing proximity, this value itself 1s not re—
produced but the integral from the wing leading edge to a
certain point before it. The integration with respect to
equation (3.7) is readily accomplished by means of these
curves,

For the prediction of the zero moment cpg = cm
(ca = 0) the same arguments hold true except that the
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wing effect is usuvally considerably less, ©Given the exact
zero 1ift direction of the airplane preceded by several
1ift distribution calculations, the respective B values
are determined and the integration with respect to equa—
tion (3.5) cerried out. The displacement flow due to
finite wing thickness which heretofore played no part in
the consideration may not be ignored altogether. This is
especially true if engine nacelles are involved, where the
cmo Value then is quite intimately associated with the

location of the wing on the fuselags. The moment contri-—
bution from the fuselage drag is usually very small.

The arguments so far were largely patterned after the
conditions at the airplane fuselage, that is, relatively
long bodied compared to wing chord., But the conditions
are somewhat different on engine nacelles because they
usually extend only forward beyond the wing. 3By reason of
the decrease in nacelle width along the wing chord %the
normal velocitles, induced by the nacelle, themselves de~
crease along the chord. Since these induced velocities
are proportional to the angle of setting of the nacelle,
it implies a curvabture of the wing inflow dependent on
cgy, and in turn, additional wing moments dependent on
value cg. Hence there exists, besides the pure nacelle
moment which is readily computable from equation (3.7), a
wing moment- due o the ¢ffect of the nacelle IMyg, which
represents a further unstable contribution to the longltu—
dinal moments. It iIs estimated as follows:

With B, as the slope of the flow at wing leading
edge, Bp at wing centern and By at trailing

edge, two—dimensional airfoil theory (mean—line
theory according to Prandtl—Birnbsum) gives:

emo = 75 (3Bn — By — 28n) (3.8)

Integration of the § +values over the entire wing,
but the nacelle reglon itself excluded, approximates to

b/2 -
fﬁdyz_/ﬁd.v=°°e b (3.9)
—b/2 —®

Hence a2 wing moment under the effect of the nacelle
of the order of magnitude of

-
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H r
PG _ m ]

‘where t@ is the.wing chord in the nacelle region. It is

readily seen that this moment contribution is far from
negligible when practical nacelle and wing limensions are
involved, To i1llustrate: A nacelle not protruding beyon
the trailing edge (bgy = O) and the width of which at

wing center amounts to about 3/4 of that at the wing lead—
ing edge, gives a noment contribution of

ak

=

& . 0.51b $g2
(27

| =
s

The manner of moment distridbution over the wings is
not exactly predictable on the basis of this simple cal—
culation, since the mutual induction of the separate wing
sectlons produces various displacements, but little touches
the total values as a rule. It is clear that this addi-—
tional wing noment must alse be included in the cp, de—

termination, when the nacelle is set at an angle with the
wing.

" Moreover it should be noted, when computinzg the na—
celle effect on a complete girplane, that the transverse
flow to the engine nacelle is already under the influence
of the fuselage, so that the nacelle niomente nust be often
increased in proportion.

In practical longitudinal stability studies it is
always recommended to represent the stability contridbutions
of separate aircraft components as displacements in neu—
tral stability points; with Ax, as forward displacement

of the neutral stability point we get

Axn 1 aMp

(53.11)

To check the practical use of these formulas, the
author computed these values for a series of Fw types,
on which the displacement of neutral stability point had
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been determined from difference measurements in wind—
tunnel tests. Table 1 gives the results of this check,
with the note, however, that the measured displacements of
neutral stability point, at the determination of which a
certain uncertesinty 1is inevitable for instrumental rea—
sons, had been determined before the start of the calcu—
lation from the wind tunnel.

TABLE I.— DISPLACEMENT OF NEUTRAL STABILITY POINT DUE TO
FUSELAGE AND NACELLE FOR SEVERAL Fw TYPES.

Design Type 100 é%?L = 100 Eé%g%
Measured Computed

A Fuselage « ¢« + o+ 4 « e s e o 2 o« e 2,0 2.3
Nacelles o« o« o « o o o s o o o o + 2.2 2.4

B Fuselage « ¢ + « « 4« o o o o 2 « » 4.1 4.1
Inboard Nacelles « « o o ¢ » o o o 3.7 3.7
Outboard Nacelles . . . . « . « . 2.4 2.3

0 TFuselage « o« o = « s+ s o o + + « « 9.2 9.4
Propeller Mount . . . . . . . . . 0.8 0.6

D Fuselaffe » « o o« o+ 4 « o« o o« o + o 1.4 1.5
Nacelles o o« + o o o o o o o o o« + 4.4 4,2

E Fuselage « ¢« v o « o o s s « o« « » 2,0 2.0
Tall Boom « & ¢ ¢ ¢ o o o o« o o « 2.0 2,8

F Fuselage V; + ¢« o ¢ o « o o o« « o+ 5,6 6.0
Fuselage Vg .+ « v o« &+ ¢ ¢ « & + o 4,0 4.4

G Fuselags . « + « « o o o o o« o o « 4.0 4.1

Nacelles . . v 4 v « &+ o o o« o o o« 3.5 3.5
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A similar check by Vandrey on a series of U.S, fuse—
lage—wing combinations, also gfforded a good confirmation
of our theory., In further support are cited the works by
Muttray (reference 6) on the design of ideal fusslage
forms of minimum drag where the problems treated here,
were not of such great significance. He dealt with the
design of several fuselages the axes of which follow the
wing flow completely at a certain eg5 value, hence By

is zero. Actually, there is glso no gdditional moment
relative to wing alone, at this ¢, value. That it is of
great significance for the matters dealt with here is
readily apparent by comparison with the fuselage forms not
80 well faired into the flow. For the rest, Huttray's
measurements show exactly as those of the NACA Report No.
540, that wing root fillets of normgl size have scarcely
any effect on the moments .and can therefore be disregarded.

In conclusion it is pointed out that the formulas
developed here for the stability contribuition of fuselage
and engine nacelles are not restricted to the midwing

ai
monoplaney the dependence of —2  on the location of the

do

wing relative to the fuselage is very slight. This checks
quite well with some NACA tests (Rep. No. 540), so far as
separation phenomena especially on the low—wing arrange—
ments do not falsify the rocords., PFigure 22 of NACA Re—
port No, 540 discloses very plainly that the curves of the
moments plotted against the location of the wing relative
to the fuselage moments are merely shifted parallel to
each other for the different ¢, values, which is not

guite so plain in the tables at the end of the report. Ob—

dep

viously the appraisal of the measured value depends

deg
to a considerable extent upon the skill of the operator,

AIR LOAD DISTRIBUTION ALONG THE WING

UNDER THE INFLUENGCE OF THE FUSELAGE

The fuselage influences the wing chiefly through a
change of flow velocity in quantity and direction at each
wing section., In addition, it forms a fixed boundary, for
all supplementary flows induced at the wing, which means



16 NACA Techniocal Memorgndum No, 1036

that no velocity components at right angles to its sur—
face can exist. Any method for solving the fuselage eof-
fect must, of course, allow for these two actions, A
further effect difficult to define mathematically arises
from the boundary flow of the fuselage, which in many
cases results in g lift decrease on the wing section close
to the fuselage and on dertain low—wing arrangements is
responsible for a premature separation of the wing flow
adJacent to the fusselage. However, this boundary layer
effect should no longer be excessive on the aerodynamic—
ally clean fuselages of today.

The flow past the fuselage is suitably divided in a
displacement flow parallel to the fuselage axis and one
at right angles to it, The first usuwally affords slight
increases of velocity in wing proximity, which are so
much greater as the slenderness ratio of the fuselage is
smaller. The velocities from the transverse flow of the
fuselage, normal to the wing have the significance of an
angle of attack change.

Then the circulation about a2 wing section is

= ¢cvt Qg ff (4.1)

the effective angle of attack agry being the angle be—

tween the local flow direction and the zero 1lift direc—
tlon of the wing section, With wpn as stream component

at right angles to zero 1ift direction we get

w
Qgff = ?¥ (4.2)

whence

I'=ctwy (4.8)

The normal speed wp 1is built up from three conbri-
butions

Wp T OGP Vot wop t oWy (4.4)
with oap the local angle of attack of the wing section,

that is, the angle between the flight path and its zoro
1ift direction; w,p the supplementary normal speed under
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the effect of the fuselage and w3y the usually negative

induced speed from the vortex layer produced behind the
wing.

The 1lift density per unilt length is according to the
Kutta—Joukowski law

da
== = 4.5
iy - P°F (4.5)
hence
dA
—_— = v ct 4,6
iy PV wnp ( )

A comparison of the displacement flow of fuselages of
very digssimilar slenderness ratio reveals the unusual fact
that the praduct of inflow velocity V following from the
longitudinal circulation and normal velocity wn propor—

tional to the fuselage angle of attack is almost independ-—
ent of the slenderness ratio of the fuselage. So, since
in this product the normal speed w, resulting from the

transverse flow is largely decisive for the course along
the wing span, 1t seems Jjustifled to figure, instead of
with a fuselage of finite length, with a very elongated
cylinder having the same cross section as the fuselage at
5/4 wing chord, Then the speed changes are slimingted,
leaving only angle of attack changes. This approximate
assumption affords the added possibility of computing the
induced speeds along the wing span in rational manner.
The extent of the error introduced hereby is reflected in
figure 9, vhere the product v wyp for a fuselage of in-—

finite length and for one of slenderness ratio Iﬁ)= 4
is illustrated.

The speeds YR normal to the wing are obtained by

means of conformal transfarmation, so that the fuselage
cross section changes into a vertical slit (fig. 10).

Such a conformal transformation is readily applied to mod—
ern fuselage sections which usually are circles or ellipses
or at least approach such very closely. But divergent
forms can also be transformed to & circle or ellipse by
any one of the known rectifying methods and then treated
in the usuval manner. With

w=1z+ iy (4.7)
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as complex coordinate in the plane at right angles to fuse—
lage axis and

T =%+ iF {(4.8)

the coordinate in the plane where the fuselage is merely
a vertical slit resulting from conformal transformation

T =% (u) (4.9)

the =z component of the supplementary displacement flow
transverse to the fuselage is equal to

VpR = QR V Lg(%% - l]' (4.10)

wheres R %E) is the real part of the derivation of the

conformal function T(w) by reason of the presence of a
pure parallel flow toward the 7z axis of the order oag v

in the W plane. ‘The solution of the load distribution

is further predicated on the knowledge of the induced

speeds mlong the wing where the presence of the fuselage =
must also be taken into consideration.

Here the principal advantage of introducing a fuse—
lage of infinite length is evident. No singularities
within the fuselage need to be applied for the compliance
of the boundary conditlons at the fuselage surface. Con—
formal transformation brings the fuselage in a form wherse
these conditions are of themselves satisfied, For this
purpose we revert to Trefftzls formulas (reference 7),
which reduce the 1lift distribution to a potential boundary—
value problem, The introduction of a potential function
® for the supplementary flow induced by the wing, affords
two—dimensional conditions again sufflciently downstrean
from the wing if the effect of the rolling—up process of
the vortices is disregarded. Dsenoting boundary values of
® far downstream from the wing with

¢ = lim @ (4.11) -
X—>— ™
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the circulation about any wing section, after one integra—
tion above the wing and one bslow the wing along a sitream—
line, is:

P(y) = o (¥) = oy (¥) (4.12)

0

And, with w3 exactly half as great at the point of the
wing, we get

wy = % %% (4.13)

Since the presencs of the fuselage nust be taken into
consideration again for the induced supplementary wing
flow we now conformally transform the potential @(y, z)
from plene U on plane U, where, of course, the amounts
of @ remain unchanged:

o (7,2) = o(¥(y, z), 7 (v, 2)) (4.14)

while the conformal factor %% reenters the derivation
:a—ip- zé—i—R(a——ﬁﬁ\ (4.15)

oz 0z~ \du/ :
(The mean value of %% above and below the wing is always

close to zero.) Eence

wily) = wi(¥) R (—2—%) (4.16)

wy (¥) 1is readily defined; since no speed at right angles

to the slit, representing the fuselage, remains for sym—
metrical air load distridutions, the conventional formula
of airfoil theory follows at
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b/2
— e -1 ar ay
—_— ——————————— 4 [ 7
vi (7) = 7= T (4.17)
~b/2
so that the calculation in the y — z plane can be ef—

fected with the usual 1ift distribution method.

Altogether we get, when transforming equation (4.3)
in the U plane

M(y) = et(y) 'ij ap(7) + ap v LB_ %‘%\ - 1:‘
b/2 R
( >./\dy' V- J'-} (4.18)
: -3/2
whereby i
I'(y) = Tly (7)]
(7)) = sy (7)) (4.19)
ap (7) = ap Ly (7))

To simplify the calculation, we form

T

Y= — (4.20)
Pv
— %
7 o= 2L (4.21)
D
1 - . -
— 1._ n 'y
aeh [ T (4.22)
2 an' 1 —n

hence

. %5 () 2 (ﬁé) {mF(ﬁ);;\fn + ap — ai(ﬁ{} (4.23)
. <a%z/
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The advantage of dividing the 1ift distribution into that
of the wing set at an angle with the fuselage axis and
that of the wing and fuselage together set at the sanme
angle is readily apparent:

¥ =%, + ag¥y 4.24)
Then: _
Vo - %;'E <§§>‘{GFR(niﬁ§ = - aio}' (4.25)
R \Tw/
and . et g Sl:u_-\ 1__—'
R _(du/< “iR> (4.26)

This method is no different from the other usual methods,
except that the wing chord is multinlied by the correction

’1—\
factor R (&%/} while the twist (mF - “R) is divided by it.

A little care must be exercized in locating the points on
the wing where the 1ift distribution is to be determined.
It is:

g (F)

n

¥

L [T (z + 1y)]

and the span in the U plane follows from

o [t o)

AIR LOAD DISTRIBUTION ON THI FUSELAGE

Since the distribution over the fuselage width is in
closest relation with the 1lift distribution over the area
it is determined first. With the potential @ introduced
previously for the additional velocity due to the action
of the wing, the local flow velocity along the x—direction is
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v =V + Ve (5nl)
ith
! L, o0
x 0x

Then, according to Bernoullil!s theorem:

Py *+ é} V2 = p + {? UV + vx)® + v 2 + v,2] (5.2)

4

which, with allowance for the small berms of the first
order only affords

P“Po=—PV§—i- (5.3)

and, after integration along a strip of the fuselage wall:

[(p-—po)dx=—-pV<P (5.4)

Then the course of the potentlal ¢ far behind the
wing even on the fuselage contour is an indication of the
extent to which the single fuselage strip takes up ailr
loads, Since for the forces taken up by the fuselage the
difference of upper and lower side is of principal con—
cern, 1t is easily seen that the omisslon of the guadratic

terms vx® + vy® + vxa in equation (5.2) is justified,

since they are of the same order of magnitude above and
below,

The determination of ¢ on the fuselage contour is
easily accomplished by the same conformal transformation
used in the prediction of the 1ift distribution. The fuse—
lage 1s represented by a vertical slit in the U—plans,
¢(Z) is expanded in Taylor series from the height position

of the wing Tyt
@(7)==¢(ZF) + (T — Ep) é-‘—('z‘ ) I (5.5)
FO3g °F .
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The expansion can be stopped after the first two terms.
Then we get for 7T > EF, hence, for the zone below the
wing .

¢(Zp) =~ & T(F=0) (5.6)
and for Z <'EF
— 1 e
<P(ZF)=+§-P(.V= 0) (5.7)

while in both cases

2 (35) = 3 %,(F = 0) (5.8)

The aspect of ¢ (Z) is then as shown in figure 11,
The relationship of y (Z) being known, the transformation
of this curve on the original fuselage contour in the
U plane, then presents no difficulty.

For the solution of the air load distribution along
the fuselage the air load is again divided infto two parts,
one giving a free moment, the other only a 1ift with the
resultant at t/4 of the wing center section, For the
distribution of the air loads upstream and downstream from
the wing only the first porportion is involved, The dis—
tribution then follows ilmmediately from the formuls (3.3).

In the region of the wing the 1ift is distriduted
corresponding to0 the chordwise distribution of the wing
portion which would lle in the fuselage zone if the fuse—
lage wore not there. The very high local 1ift coefficients
produced in the neighborhood of the fuselage nose are,
however, considerably compensated according to (3.3) — B

and %E drop very raplidly to zero at the wing nose. The
o

distribution so obtalined along the entire fuselage needs to
be a little compensated, but without particular care, since
the transverse forces and moments in the fuselage follow
only after integration from these distributions; hence ars
not very susceptible to small errors, so long as the total
1ift and the fuselage longitudinal moment assume the values
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conputed in the foregoing. The distributions are then as
shown in figure 12.

PRACTICAL CALCULATION .OF LIFT DISTRIBUTION

WITH ALLOWANOCE FOR THE FUSELAGE

The application of the theoretical results of the
previous sections is predicated on the following necessary
data:

1. The wing chord and twist, the latter being ap-
propriately measured or reduced relative to
the fuselage axis in the zone of the wing as
reference axis. Also of importance is the so—
called serodynamic twist, that is, the position
of the zero 1ift direction of each wing section
and not of the wing chord relative to the refer—
ence axis,.

2., A sketch of the fuselage showing the exsgct loca—
tion of the wing on the fuselage.

The first thing then is to obtain the function W (u)
Tor the conformal transformation. To this end we plot the
section through the fuselage at 3/4 the wing root chord.
For the fuselage of circular section with radius R we get

- R?
= + = .
q u = (6.1)
dq R*
—_— = 1 - =— 6.2
du u® ( )
The trace of the wing in the U~plane follows at
- R®
7=y [1——-—-—-—3,“%2] (6.5)

the factor R <%E> is:
= \du
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d.u\ RE (y® — ZFE)
: (6.4)
aw/ (y2 + zp2)=
which for z = 0 (midwing arrangement) simplifies-to:
- R2
T =Y 7 (6.5)
duh _ g 4 B2 (6.6)

d'll/l - ye

The fuselage with elliptic cross section ls trans—
formed in two stages: The ellipse in the U-plane is first
transformed into a circle in the Ul—plane, and then trans—

formed in a vertical slit (fig. 12). The intermediate
transformation affords the funcition

u = u, + — (8.7)

which transforms the connecting line of the centroids of
the ellipse (z = £ E) to a circle of radius

. E® _ AR — B2
Bt T T (6.8)

The ellipse with the semiaxes A and B then becomes a circle
with radius

R, = (6.9)

T = u, +F- (6.10)

From equations (6.7) and (6.10) it then follows that
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T - u =—1—(322—312) (6.11)
ul

and

R, —uRy® = u, (312 - R %) (6.12).
which nultiplied by each other, glve
T2 R, — uw @ (R,%2 + R,y°) +uBR,% + (Ry® - Ry;2)2 = 0 (6.13)
or, because of (6.7) and (6.9):

A g oy o+ A+ B (u® + B®) = 0 (6.14)
A— 3B A-— B

T2 -

hence

ﬁ:AlB[Au—BJuE-—A2+32] (6.15)

Mhis 1s the conformal function that changes the el—
1ipse in the U—plane directly into the vertical slit in
the U-plane. The correlation between the points of the
U—plane, that ia, especially the coordinates of the wing
and those of the U—plane i1s obtained by elementary calcu—
lation by means of equation (6.15). It is best to put

u=gz+ i1y =acos ¢+ idsin ¢ (6.16)

where a 18 the arithmetic mean of the distances of the
point from the two centroids of the ellipse, while D =

Ja2? — E?, DThen

Ju? — g% + b® = b cos ¢ + iasin g (6.17)

The y—coordinate of the transformed wing needed for solving
the 1lift distribution then becomes
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¥ =J(®E) = E—E—— (Absin ¢ — B a sin ¢)
v
= <A.— B —2 (6.18)
A— 3B a2 — B2

It likewise affords in the same manner:

dT 1 u
—— = - B e 6.
el [A E?“:ffﬁ] (6.19)

Herewith the conformal factor for the 1lift distribution
reads

a
/ 2 2
R<§§>= " 1 = |A-3B 2 f . ' (6.20)
1+ BTy
(a2 - 52)2

Fuselage sections diverging markedly from the ellipti—
cal form require a special conformal function.

Having established the correlation betweean ¥y, ? and

R 4au
du
ing this we again form

ct(y) <
G (—Y—) - Gn

2

as function of ¥y, For the ensulng calculation % =

> » ap(¥) and $(F) are readily obtained. Follow—

and

¥

T/2

is introduced. Then the solution of the base distributions
Yo and Vg in equation (4,24) by means of the method pro—

posed by the writer (reference 8) yields the equation systems:
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- n+1
b a an =
v N -
bvv + dﬁ:\ Vov = T + > anvon (6.21)
== B == T
Cv by & du *<éu> t
n+1
B = 2 o
by, + Ypv = 1 + ) Byn YRa (8.22)
cpt R/QE Li_’
v ‘\Clu
S

The Dbpp and 3Byp, as well as np and 7np can be read
from the report (reference 8).

Anplying the thus computed circulation values to the
real wing, we flrst form

B
Y =N 5 (6.23)

Then Y decresses normally in the fuselage region; omn 2
fuseluge of elliptical sectlon the distribution along 4he
fuselage width then also has the form of a semiellipse,
the value at fuselage center being, as sasily found from
equation (5.5):

. _ hR + b.?\. .
Ny o= Yo+~ 5/2 ®im+ 3 (6.24)
o 2
with .
bY¥om + 1
& e °
ioB *+ 1 7 TN | %p mot o2 T3 — ——
au = +
2 Ekdu/, 2 ctm ?__1-.
L 2
1 bv}'{m + 1
Sigm =l S o (6.25)
2 2 ':'—) m o+ 1
= \du -

where hy is the height and by the width of the fuselage.
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A few model examples of solved 1lift distributions
along wing and fuselage are shown in figures 14 and 15.
¥o data are avallable for a comparison with measurements,
and no measurements in which the 1ift distribution under
influence of the fuselage has actually been determined.
Even so, & certain confirmation of the solutions is afforded
by a comparison of the experimental and the theoretical
total cg values, which, however makes it necessary to
include the case of the wing alone in the calculation also,
Plotting cg against ay gives a graph as shown in

figure 16, At ag = 0 the ¢4 value of the combination
is slightly below that for wing ealone, while the slopse

de

?Ef for medium high positions of the wing relative to the

fuselage becomes greater, Hence at equal o the Ca

values for the combingtlion are smaller throughout nsar
g = 0 than those for "wing alone." 3But according to the

conventional method of computing the load distribution the
difference obtained by constant o« had been directly as—
cribed to the fuselage as negative fuselage 1ift. It so
afforded 1lift distributions for the case C and for pull—out
at high dynamic pressure (case B) the sole advantage of
which consisted in obtaining very high bernding moments in
the wing structure and hence had the effect of a further
safely margin %o tho load assumptions of the wing., But
owing to the éntirely differont charactor of the correct
1ift distridbution it doos not always imply that this method
leavos ono on the safe side at all points as regards the
local strength.

In a compariscen of the calculations with tho measure—
ments the accuracy and reliability of both must, of course,
be weighed more carefully. The greatest obstacls in the
measurements is that the angle of attack in the wind tunnel
cannot always be obtained with the care really necessary in
this particular casse. The welghing process itself must be
very accurate because of the comparatively small differ—
ences involved, In smgll tunnels there is the added draw—
back that the usual airfoils manifest o somewhat wuwnusual
behavior at the Reynolds numbers of the tunnel, which is
assoclated with the transition of the boundary layer flow
from laminar to turbulent; and as these matters are also
sonewhat affected by the fuselage it widens the zone of
scattering of the measurements.
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As regards the theory itself one fundamental error
hid in the assunption

Wi=—1"‘W
g g — o

can falsify the results of the whole airfoil theory.
Actuglly the effective downwash for the 1ift is greater
than half the downwash far behind the wing, since the
angle of attack at 3/4 t is decisive for the flow condi-
tions at the wing. This concorns, in particular, the cases
of largo amounts of induced angle of attack. Effects of
this nature are therefore particularly to be expected in
fuselage proxXimity on midwing arrangements, resulting in

a
lesser change of ?FQ due to fuselage than the calcula—

a
tion suggests. A satisfactory, simple guantitative solu—
tion of these facts 1s as yet impossidble; neither are the
available measurements numerous enough to permit a pre—
diction of the order of magnitude of the induced changes,
For the time being, to the extent of the available and
sufficiently roliable moasureoments, it is expedient to
apply a suitable reduction factor to the total air load
distribution or, what 1s probadbly better, to subtract a
little from the 1ift near the fuselage. But this hits
primarily the very wing—fuselage combinations which are
preferably not being built because of the Cqamagx LloOss,

On the explored Fw types at any rate the accord respecting

deg

5 is far better than on the U.S. midwing type with
a

circular fuselage (fig. 14).

The engine nacelles must be dealt with somewhat dif—
ferently. Although the flaw is similar to that past the
fuselage 1ts effect on the wing is usually very small,
since the nacelle width itself decreases considerably in
tho rogion of tho wing and, as stated before, tho flow
conditions at tho wing aro governed by the 3/4 % region.
In the case 0f low—placed nacelles a downwash independent
of the angle of attack is anticipated near the nacelle
from the longitudinal displacement flow at the wing, .which
results in a 1lift reduction at the wing., The accompanying
change in 1ift distribution can be accurately defined to
some extent by applying a modified angle of attack in the
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nacelle zone and by so assuming this modification that the
measured ¢, difference is obtained. Since the effect

of the nacelle on the 1ift distridbution and the subsequent
bending moments and transverse forces in the wing structure
are, in general, small, it is not worth the effort to develop
s more accurate method. As regards the air load distri-—
bution along the nacelle chord, the same method used on the
fuselage can be followed., A minor change in the air load
distribution under the effect of the nacelle may occur when
the nacelle acts like a plate set on the wing. Then it

may result in a small 1ift increase in the region of %the
wing between the nacelles and in g corresponding decrease
of 1ift in the outer zone of the wing. Even if these fac—
tors are discounted i1t probably always leaves one on the
safe side as regards the wing siresses,

EFFECT OF FUSELAGE ON ROLLING MOMENT DUE TO YAW

Up to now we dealt largely with symmetrical flow con—
ditions of the fuselage and utilized these very symmetry
characteristics of the flow repeatedly for our calculation.
But no less noteworthy are the phenomena sasccompanying un—
symmetrical flowe of the fuselage. Their effects on the
fuselage alone have been described in the foregoing; bdbut
the indirect effects are just as important. To begin with
there is the rolling moment of the yawing airplane which
as explained elsewhere (reference 9) is decisively associ-—
ated with the location of wing on the fuselags.

Sideslip 1s of course, accompanied by a displacement
flow proportional to the transverse component of the fuse—
lage flow which, depending upon the location of the wing,
produces veloclity components normal to the wing, hence a
change in angle of attack. As this phenomenon occurs with
different signs on the two sides of the wing, an anti—
symmetrical 1ift distributlion results which is followed by
a rolling moment. Although the angle of attack change
seems at first solely restricted to the wing portlons ad—
Jacent to the fuselage without sufflcient lever arm, thers
is st1ll an appreciable rolling moment in yaw for the
total wing as a result of the compensabting effect of the
mutual interference of the individual wing sections.

To follow this effect mathematically requires first
the solution of the angle of attack change under the ef-
feect of the transverse flow. A8 in the case of symmetrical
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flow the flow transverse to the fuselage is assumed to be
two—dimensional the section through the fuselage at 3/4
wing chord being decisive for the calculation. Then the
conformal transformation affords the flow transverse to
this fuselage section, So if

u=y+ iz (7.1)

is the complex coordinate for the plane about this fuse—
lage section, then W(u) is its reflection on a knife
edge, horigzontal in this case. Then

4T\ _vy —1iv,

EE/ v T (7.2)

is a measure of the flow velocity about the fuselage sec—
tion., Sufficlently remote from the fuselage, ve get

'V'y = v T (7.3)

whence the angle of attack change for the individual wing
section follows at

b

pa = -2 = —n:(%%) (7.4)

Thus —J (%—E) can be sunmmarily regarded as a fictitious di-

hedral -angle of the wing, supplementary to the geometrical
dihedral angle.

Then a compiete 1ift distridution could be achieved
for the rollling moment. 3But it would also have to include
two additional factors: first, the usual assumnption

1
Ct,i——ECLW

X —> -

would no longer be sufficiently valid in fuselage proxim—
ity, requiring a greater value, so that the 1ift values
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in the inner region of the wing would be g little lower
than by the customary method of computing the 1ift distri-—
bution. On top of that it wou.d also require the disap—
Dearance of the velocity component normal to the fuselage
for the induced flow, entailing a rise in the 1ift coef—
ficlents in fuselage vicinity. Fortunately the two phe—
nomena are counberacting, whence it seems promising to
ignore both for the time being. Then the rolling moment
due to yaw of an elliptical wing is:

1
1 - .
L fg(‘i—i n VI = nzan (7.5)
-1 -1

and for any other wing

ddcf =f£<:—zl>n f(n)an (7.6)
—1

the integration factor f(n) being as yet dependent upon
the contour of the wing., The factor f can be obtained

by differentiation so far as aileron calculations on dif—
ferent aileron widths are available for the rarticular con—
tour., But usually the modern airfoil forms approach an
ellipse so closely that a more accurate solution seems
superfluous.

Integration conformable to (7.5) is sasier if carried
out within the range

instead of over the total wing span, while omitting the
factor ~# 1 — n2® in the integration. The remaining error

is very small, since J <§:—1—1> decreases outwardly with the
u

third power of y.



34 NACA Technical Memoragndum No. 1036

Hence by putting

e/m
ey 1 am
= Jf J{—)nan (7.7)
ar - 2 du,
+ — a2Ay
et oo A

the inbegral

2\
-JF i (%Ej yady

after evaluation of the complex integral

cives

<du> v dyeg (fuau> — 5 J(w) (7.8)

Then the elliptic fuselsage section with the semiaxes A and
B affords

= L (4w -3va = (47 < 59)]
.fﬁd.u = { E;——--g—[uJuz-—(Aa—Bz)
—~(4A®R —B)ln(u+«/u —(AE—B))]} (7.9)

With Zg as the location of the wing on the fuselage, the

rolling moment in yaw finally reads
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dep 1 nplhy + by) 2z]- . (2%
aT T 5 B2
N
[+
e _1, 22y 2uzg
+ (sin ) T~ 7%
R
h
R
or 2 7 5
or
d'cL - 1 hR(hR + bR)r LA ZTIZF] g > EE
arT T 2 b2 I_ 2 b ¥ 2
c'aoo A
1 ho(hp + bp)o h
_ r(hg R L——IL _ 2wy ] e < _ D5
™ 2 b2 2 b ¥ 2
1 +'K
&
. . (7.10)

For a comparison of these data with measurement the
anmount of available material is, at the time, very scarce.
The only appraisable data are those from the NACA Technical
Note No. 730 which describes the rolling moments in yaw
for a wing—-fuselage combination at different helght posi-—
tions relative to the fuselage. For the dimensions of the
model used by the NACA

d.CL
ar

-_—

= 0.032,

is the difference between the rolling nmoments in yaw of high-—
wing and nidwing and

de
- % = — 0.035,
arT

between low—wing and midwing arrangement (fig, 17). With—
in —4%° <« a < 4°, that is, in the zone where the flow in the
region of the wing root fillets is certainly still completely
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adherent, the mean value from the neasurements gives the
exact result of our calculations. HMr, Schlichting re—
ported gimilar results. He found that the rolling moments
in yaw show a definite course when the wing root is faired
so as t0 wrevent separation of flow at any point.

EFFECT OF FUSELAGE ON TAIL

Up to now the fuselage—~tail interference effect has
been very little explained., Theoretically the whenomens
on the horizontal tail surface.should bo similar to those
on the wing, tha% 1s, an iacreasse in effectlivo angle of

ac

attack due to fuselage flow and hence a change in ?FE

o
nt the usual wing positions. This effect is naturally
not discernible when, a3 so frequently is the case, the
prediction of the taill efficlency is based unon wind—
tunnel measurements at different tall settinss relative
to the fuselage. This mhenomenon represents a further
obztacle in the experimental solution of the flow condi-
tions at the horigontal tail surface. Turtlhermore, a
change in the downwash a or in the quantity

“day

da

defining the stability contridbution of the horizontal tail
surface is to0 be expected because of the changed air load
distribution at the wing under the effect of the fuselage
and which generally results in a.reduction of this factor.
However, since only the difference of the product

de da
e (1 _ W>
do \ do

de
relative to the —= of the tail alone is Gefined in the

da
wind tunnel, the modifiled downwash by fuselage will not be
noticed at all, since two fuselage effects work against
each other and practically cancel each other.
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Seemingly, of much greater importance is the effect
of the boundary layer of the fuselage, which is more
pronounced in tall vicinity then at the wing, especially
since a considerable strip of the tail is blanketed, as a
result of the contraction of the fuselage. UNaturally
there is a considerable inroad into the air load distribu—
tion in this strip blanketed by the fuselage, which fact
prompted Hoerner (reference 10) to treat the fuselape
resion as a cut—out section in the tail and which affords

de
quite rational ?rE values in many cases.
o

The fuselage is of great influence oxn the %52 value
o

for central tail arrangements. If the tail is divided the
fuselage is usually ignored. By central arrangement the
fact that a completely unsymmetrical system is involved,
must be borne in mind, The fuselage and in many cases also
the horizontal tail surface act like a one—sicded end nlate.
It was found to be the best rule in an analysis of the
effectiveness of lateral control surfaces tc figure with
the aspect ratio of the taill area doubled by a reflection
on the upper fuselage surface.

But of special significance for the mechanics of
asymmetrical flight motions is the fact that the wing pro—
duces not only a dcwnwash on the horizorntal tail surface
but a similer sidewash also on the lateral control sur—
faces. The order of magnitude of this sidewash is governed
by the wing—fuselage interference. Consider a wing with—
out fuselage having a certain dihedral angle 6. In side—
slip a 1ift distribution i1s then formed in such a way that
the circulation increases or the advancing wing portion
and decreases on the trailing portion. This signifies a
fairl ar ; ar

alrly large E; at wing center. And, knowing that E}
is equal to the difference of induced spanwise velocities
of upper and lower surface, the result is a fairly greal
sidewash in the center above the wing against the slde—
wash from the sideslip.

Denoting the angle formed by this inZucel sidewash
and the plane of symmetry of the airplane with o a rough
estimation of the order of magnitude of this sidewash on
a wing with dihedral &6 at wing center above the wing is

c =TS8
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As a result of the sideslip both sides of the wing mani-
fest a choenge in angle of attack to the amount of T 6,
which is almost completely equalized by the induced flow.
So for a cursory appralsal 1t can be assumed that the wing
in thoe inside zone acts like a guide apparatus imnarting

a twist of this amount to the flow. A fictitious dihedral
angle 1s created in the wing center section under the fuse—
lage effect as explained elsewhere, which is predominantly
dependent upon the location of the wing relative to the
fuselage. Since the absolute amount of this fictitious
dihedral is far greater for high— and low-wing arrangements
than that customary on geometrical dihedral a very consid—
erable influence of the fuselage on the sidewash is %o be
expected., On the high—wing arrangement the sidewash should,
conformably to the great positive fictitious dihedral angle,
recuce the contribution of the lateral control system
toward directional stability considerably and increase it
correspondingly on the low-wing arrangement. Suitable ref-—
erence data for assessing the orcer of magnitude are =os

vyet lacking. It might-be possidble to compare the side—
wash wilth the filctitious dihedral at a distance from the
wing center which can be correlated with the lateral tail
surface dimensions., Iiuch more promising at the moment ap—
pear systenatic measurements in whilch first of all, the
wing »nosition relative to the fuselage, the ratio of tail
height to fuselage height and the setting of the wing rela-—
tive to the fuselage must be modifled., Less significant
are the effects of the wing form, of the ratio of wing
chord to fuselage width and height, tall design and so
forth,

A few first measurements are available in the afore—
rtentioned WACA Technical Note No. 730, which are repro—
duced in figure 18. Only the contribution of the lateral
tail surface to the directional stability is indilcated,.

It cdiscloses thoe telling offect of the position of the wing
rolative to tho fuselage, the conduct of the high—wing
arrangomnent boing fairly critical, whilo on the low—wing
arrangenent probably some separation phenonena at the wing
root obliterate the picture a little. Figure 17 revealed
sonething similar. ZFor the high-wing arrangeiient the ef—

fect of the sidewash is apnroxinately %% = —-0,4, for the

do
low—wing arrangenment about FE; = —0,3, 80 long as the flow

in fuselage proxinity appears adheront. For the effect of

,
the dihedranl there is an increnent to %% of the order of
d
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magnitude of 0.09 which is equivalent to about 5° dihedral
angle according to our estimates. The high—wing arrange—
ment with dihedral falls somewhat outside the framework at
negative angles of attack, probably due again to local
flow separation. On the whole, all values show a slight
increase with angle of attack, which is probably associated
with the effect of sideslip on the downwash distridbution
along the wing span. The stablility contridbution of the
lateral coantrol surfaces of the same model without wing

de
amounted to — = 0.09, the same value as on the midwing
arT

arrangement without dihedral near o = 0, as is to be ex—
pected.

As concerns the mechanics of asymmetric flight motions
the following should be noted in this respect: VWhile the
lirectional stability contribution of the lateral control
surfaces is to be provided with the factor

do
1l - —
ar

the damping during yaw to the extent that it consists of a
change in angle of yaw T, must obtain the factor

do
1+ 57

because the sidewash from the wing arrives, exactly as the
downwaslh at the horizontal tall surface, with a certain
temporal displacement on the tail. This concurrent change
in directional stability and gamping in yaw should not be
neglected especially for the appraisal of the yaw vibra—
tions of the aircraft, In the static lateral stadility,
that is, the stability against spiral diving motions the
effect on the directional stability is involved but not
the effect of the sidewash on the damping in yaw, because
this yawing motion is associated with a change in flight
course of the aircraft. For the further lateral stability
studies the standard conception of damping in yaw is there—
fore altogether unsustainable; two concepts in accord with
the two different types of yawing motions must be intro—
duced. Something similar obtains in the previous discus—
sion of the rolling moments in yaw where two different
values result, depending upon whether the flight path dur-—
ing yaw remains straight or curves (refersnce 9).
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These problems should be considered in appropriate
manner during the design of the lateral control surface.
In a decision for or against a divided or a central tail,
particularly, the sidewash conditions under the effect of
the fuselaze and of the wing should receive particular
attention, ’

Translation by J. Vanler,
Fational Advisory Committee
for Aeronautics,
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Figure 1.~ Fuselage in ideal flow.
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Figure 7.~ Curve of %ﬁ along
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Figure 1l4.- Lift distribution of a
mid-wing arrangement with

circular fuselage and rectangular wing,

A =6.Dimensionsg correspond to tho

conditions in NACA Report 540,
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Pigure 15.- Lift distribution of low-
wing arrangoment.

Figure 16.~ Relation of 1lift to ~-=Wing &lonec

angle of attack.
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of instrumontal accuracy.
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Figure 9.~ Transverse
flow about
| = axially symetrical
1 7 3 +— fuselage(l/D =4) and
by about circular
73 oylinder(1/D)= .
{/- Plane
4
R ————
————————— Trace-gwmg
1 UZ w= OCR v
Figure 10.- Conformal
transformation
U - Plone of fuselage cross section
7 onto a vertical slit.

Trace of Transformed wing

;|

l{.‘. = ocﬁ- VAt every point

\.
\

—rr -~ SRR

i

— M

N

Figure 1l.- Potential o

on the
. gsection of the conformally
= 7 transformed fuselage.
1’__=___ Y

I



NACA Technical Memorandum No.1036 Figs. 13,13,17,18

Figure 12.- Air load
distribution
along fuselags.
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,JFigure 17.- Rolling
moment in

|yaw under fuselage effect.
(Tests from NACA-T.N. 730)
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Figure 18.-~ Contribution
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[ effect.
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